Techniques to detect and quantify DNA and RNA molecules in biological samples have had a central role in genomics research [1] [2] [3] . Over the past decade, several techniques have been developed to improve detection performance and reduce the cost of genetic analysis [4] [5] [6] [7] [8] [9] [10] . In particular, significant advances in label-free methods have been reported [11] [12] [13] [14] [15] [16] [17] . Yet detection of DNA molecules at concentrations below the femtomolar level requires amplified detection schemes 1, 8 . Here we report a unique nanomechanical response of hybridized DNA and RNA molecules that serves as an intrinsic molecular label. Nanomechanical measurements on a microarray surface have sufficient background signal rejection to allow direct detection and counting of hybridized molecules. The digital response of the sensor provides a large dynamic range that is critical for gene expression profiling. We have measured differential expressions of microRNAs in tumour samples; such measurements have been shown to help discriminate between the tissue origins of metastatic tumours 18 . Two hundred picograms of total RNA is found to be sufficient for this analysis. In addition, the limit of detection in pure samples is found to be one attomolar. These results suggest that nanomechanical read-out of microarrays promises attomolar-level sensitivity and large dynamic range for the analysis of gene expression, while eliminating biochemical manipulations, amplification and labelling.
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In a microarray experiment, single-stranded probe DNA molecules with known sequences are immobilized on a surface at predefined locations. Hybridization of probe and target molecules is routinely measured by fluorescence, but it can also be detected by exploiting various nanoscale phenomena 19 , including nanomechanics. For example, changes in surface stress 12 and added mass of target molecules 13 , electrical forces 20 , topographical changes in self-assembled bar-coded nucleic-acid probe tiles 21 and hydration-induced surface tension 15 have been used for hybridization detection. Our nanomechanical detection scheme relies on the changes in the stiffness of DNA molecules immobilized on a surface before and after hybridization. We used a recently developed atomic force microscope (AFM) technique 22, 23 to investigate the stiffness of single-and doublestranded DNA molecules, as illustrated in Fig. 1a . The resulting stiffness maps, such as in Fig. 1b , show hybridized DNA molecules as dark-brown spots. This identification is verified by a series of experiments with non-complementary targets and complementary targets with varying concentrations.
When the sharp tip of the AFM cantilever presses against the molecules on the surface, interaction forces increase at a rate proportional to local stiffness. The two force curves plotted in Fig. 1c show that the surface is stiffer in the single-stranded region. The responses of molecules to external forces are determined not only by their intrinsic mechanical properties but also by their conformations on the surface. The higher stiffness observed in single-stranded DNA is largely due to the influence of the gold substrate. Single-stranded molecules either lie flat on the substrate or are squeezed flat by the tip without offering much resistance, so the tip essentially feels the stiffness of the substrate. This hypothesis is supported by the height measurements, which show that hybridized molecules seem taller than single-stranded molecules (Supplementary Information). The greater height of hybridized molecules also results in spot sizes larger than the physical size of the molecules, owing to tip convolution. The changes in height between single-stranded and hybridized molecules have also been used to detect hybridization 24, 25 ; however, this required target concentrations on the nanomolar to micromolar level. Because height measurements are particularly sensitive to the roughness of the substrate surface, atomically flat substrates had to be used. Measurement of a local material property such as stiffness, however, provides the specificity necessary to discriminate between single hybridized molecules on the surface. Figure 1d shows stiffness values calculated for the dashed profile in Fig. 1b . The stiffness values for single-and double-stranded molecules are well separated from each other. In addition, the values measured at different spots are sufficiently uniform to provide a clear signature of hybridized molecules. Computer analysis of the stiffness map using this signature generated a binary image in which hybridized target molecules can be counted (Fig. 1e) . RNA-DNA hybrids exhibit the same mechanical signature as hybridized DNA (Supplementary Information).
We carried out hybridization experiments with varying target DNA concentrations and with two different areas of probe immobilization. The results plotted in Fig. 1f show the dependency of the surface density of hybridized molecules on target concentration and spot size; lower target concentrations and larger immobilization areas produce fewer hybridized molecules for a given scan area. Concentration levels from 1 nM to 1 aM are detectible. In addition, no hybridized molecules are found with the non-matching sequence. These levels represent enhancements of three to eight orders of magnitude in the detection limit and detection range, relative to the previously reported direct detection methods [11] [12] [13] [14] [15] [16] 20, 21 . To investigate the performance of our technique against the complex background of a biological sample, we analysed total RNAs extracted from tumour tissues. Detection and quantification of RNA requires the use of large amounts of starting material or additional enzymatic steps involving reverse transcription and amplification. Furthermore, small regulatory RNA molecules such as microRNAs (miRNAs) 26 are not directly compatible with conventional amplification schemes 27 . Therefore, the approach we present here can simplify the analysis of miRNA content in biological samples to a great extent.
We measured differential expressions of two miRNAs, hsa-mir-205 (Homo sapiens miR-205) and hsa-mir-194 (Homo sapiens miR-194-1 or miR-194-2), in colon and bladder tumours by analysing total RNAs extracted from tissue samples. The extraction process includes disruption of cells and purification of RNAs. Material isolated in this way is routinely used for gene expression profiling. miRNAs exhibit expression patterns that can be used to predict the tissue origins of metastatic tumours 18 , and the particular miRNAs we investigate here discriminate between tumours of gastrointestinal (colon) origin and those of non-gastrointestinal epithelial (bladder) origin. The numbers of RNA-DNA hybrids measured are plotted in Fig. 2a for hsa-mir-205 and in Fig. 2b for hsa-mir-194. (Numerical values from each measurement are provided in Supplementary Information.) The chart in Fig. 2c compares average expression levels normalized to 10 pg. The data show that hsa-mir-205 is expressed more in bladder tumour sample than in colon tumour sample, and that the opposite is true of hsa-mir-194. The observed inversion in differential expression in these miRNAs is in agreement with the results of ref. 18 . We further verified this result by conventional microarray analysis of the tumour samples (NCode Human miRNA Microarray V3, Invitrogen). The average numbers of miRNAs are also in broad agreement with the numbers derived from quantitative PCR experiments 27 . We note that the inversion in the differential expressions of the two miRNAs was detectable at amounts of total RNA as low as 0.2 ng. This represents a significant reduction in the amount of total RNA necessary relative to conventional microarray experiments, in which amounts in excess of 1 mg are typically required. These arrays are generally printed on glass slides and use spot sizes of around 100 mm 3 100 mm. Their unprinted areas are blocked to eliminate non-specific adsorption.
An important advantage of our nanomechanical detection technique is its compatibility with multiplexed analysis in microarray platforms. Multiplexed analysis demands the generation of stiffness Standard deviations (error bars) are calculated whenever two or more measurements are available from experiments carried out in triplicate. c, Comparison of expression levels in each sample, estimated by normalizing the data to 10 pg, averaging and scaling to entire area of immobilization.
maps and the counting of hybridized molecules for each array spot. Our instrument is not optimized for scan speed, yet it provides the throughput, reliability and robustness for multiplexed analysis. As a demonstration, in Fig. 3 we show a 25-mm-wide stiffness map of hybridized molecules at 6-nm pixel size that was generated in 2 h. In principle, a scan area of this size is sufficient to read out an array with a thousand spots by sampling 800-nm-wide regions in each array spot. This level of multiplexing is sufficient for whole-genome miRNA expression profiling and for many clinical applications. Throughput can be further enhanced by combining our high-spatialresolution read-out scheme with 'DNA nanoarrays' formed by dip-pen lithography 28 and supramolecular nanostamping 29 . Multiplexed analysis can also create more complex situations resulting from probes with secondary structures, mismatches, potential unusual base pairing and free termini. We have analysed several probe sequences that are representative of these cases and validated the utility of our stiffnessbased hybridization-detection principle under these situations (Supplementary Information).
To conclude, we have seen that the nanomechanical signatures of hybridized DNA and RNA molecules have excellent background rejection, allowing digital read-out with an attomolar-level detection limit in micro-and nanoarray platforms while eliminating external labelling and enzymatic manipulations of the target molecules. Furthermore, the analysis of miRNA sampled from two tumour tissues illustrates the potential of this technique in medical applications. This combines the possibility of working with extremely small amounts of genetic material with substantial simplifications and cost reduction in genetic analysis.
METHODS SUMMARY
Sample preparation. We prepared the probe chips by immobilizing singlestranded and thiolated DNA molecules on a gold-coated silicon substrate. Immobilization areas were defined lithographically using a standard lift-off procedure. After passivating the surface with mercaptohexanol 30 , we immersed the chips in a solution containing target DNA or total RNA (with no labels or any other chemical modifications) for overnight hybridization, washed them with a buffer solution and dried them under a stream of nitrogen. Each sample was visually inspected and those that appeared contaminated or scratched were not included in the AFM analysis. AFM analysis. We imaged samples in tapping-mode AFM under ambient conditions. T-shaped cantilevers were used to generate time-varying tip-sample forces. The effective elastic modulus was derived from these waveforms using our previously described mathematical procedure 22 . This procedure provides quantitative values for samples with flat surfaces. In the case of the tip interacting with DNA molecules, the calculated values provide a measure of stiffness, but they do not correspond to true elastic modulus values.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
